Detailed spatial and temporal measurements of the total vector electric field E and current density J in a plasma with dynamic magnetic field line reconnection have been made. The resistivity calculated via the generalized Ohm's law is found to be spatially inhomogeneous with values exceeding the classical resistivity by I to 2 orders of magnitude. Resistivity and current density do not maximize in the same locations. The dissipation E ß J is determined and analyzed in terms of particle heating and fluid acceleration. Electron heating is found to be the dominant dissipation process in the diffusion region. Independent measurements of the divergence of the Poynting vector V. (E x H), the change in stored magnetic field energy O/Ot(B2/21Xo), and the dissipation give a consistent, detailed picture of the energy flow. Efficient conversion of electromagnetic energy into particle heating is observed.
INTRODUCTION
The interest in magnetic field line reconnection arose in the early studies of solar flares [Giovanelli, 1948] and has subsequently expanded to other phenomena such as magnetic substorms [McPherron, 1979] and comets [Niedner and Brandt, 1978] . The basic common problem in these areas is to find an explanation for the observed strong transfer of magnetic field energy to particle kinetic energy. C,urrents usually flowing in regions of magnetic null points are thought to give rise to various microinstabilities. These increase the effective resistivity, leading to enhanced particle heating and diffusion of field lines. Tearing instabilities cause dynamic changes in the magnetic fields, which give rise to large inductive electric fields and strong particle accelerations [Pellinen and Heikkila, 1978; Coroniti et al., 1977] . However, it is generally acknowledged that the plasma dynamics in neutral points is rather complex and that because of observational difficulties a clear picture of reconnection processes has not yet emerged [Frank and Ackerson, 1979] . Recently, numerical simulations have been extensively employed to aid the understanding of the problems [Birn, 1980; Leboeuf et al., 1981] .
We have started to investigate magnetic field line reconnection in a large laboratory plasma [Stenzel and Gekelman, 1979] . Even though the actual parameters of a space plasma configuration cannot be scaled exactly, the essential features of the recont•ection process can be established and then investigated in far greater detail than is possible in nature. Such approaches have been undertaken earlier [Bratenahl and Yeates, 1970; Ohyabu and Kawashima, 1972 ; $yrovatskii et al., 1973], but only in small collision dominated plasmas with incomplete diagnostics. The present experiment is performed in a large, nearly collisionless plasma which is rapidly pulsed and highly reproducible from shot to shot. It is diagnosed internally with various probes, and with the aid of an on-line digital computer a large amount of information is acquired, processed, and displayed in a condensed form as time-space diagrams. Different aspects of the work have been described in a sequence of papers of which this is the fourth part. The first two papers, referred to as part 1 [$tenzel Baum and Bratenahl, 1980b] . Space charge and inductive electric fields are in opposite directions over most of the plasma volume, resulting in a small net electric field, except at the cathode sheath. Aside from the electric field, pressure gradients and Hall fields also contribute to the current flow. Furthermore, currents and fields also have vector components perpendicular to the neutral sheet. Thus a careful analysis of the plasma resistivity requires in situ measurements of all electric field and current density vectors as well as plasma pressures, flows, and magnetic fields. This has been done in our experiment, which enables us to calculate the resistivity from the generalized Ohm's law. It is found that the resistivity is spatially very inhomogeneous but does not simply maximize in regions of large current densities, as is often assumed in computer simulations [Ugai and Tsuda, 1977; Hayashi and $ato, 1978] . On the average the resistivity can exceed the classical value by 1 order of magnitude, at local maxima by even 2 orders.
From the knowledge of currents and electric fields (or resistivities) the dissipation of electromagnetic energy P = E ß j = •j2 can be readily determined. The dissipation leads to an increase in particle kinetic energies, partly by enhancing the random motion (heating) and partly the directed motion (acceleration). The energy input into the plasma does not lead to an unlimited temperature or velocity rise but is soon balanced by energy losses. For example, inelastic atomic collisions transfer kinetic electron energy into multiple 
Resistivity
Measurements of the electron density and temperature (part 2) lead to the conclusion that for t >• 25/as the plasma becomes essentially fully ionized, since the density remained constant while the electron temperature kept rising (kTe max = Ui, ionization energy). Thus a two-fluid model seems appropriate for analyzing the plasma resistivity defined by the generalized Ohm's law [Delcroix, 1965] . Neglecting the inertial currents (8/Ot << //e) it is given by els. An analysis of the microinstabilities in the neutral sheet has been started, and results will be presented in a later publication.
Dissipation
While the ratio of electric fields and currents yields the resistivity, the product represents the dissipation of electromagnetic energy in the plasma P = E. J = ,/j2. We have
Calculated its space-time variation since it is a crucial
Parameter in the energy balance and plasma heating. , 1974a] , hence should be considered as shifts in the current distribution rather than major disruptions as occur in tokamaks [Mirnov and Sernenov, 1977] . The associated inductive voltage spikes and local current drops have, up to 1980, been explained by the onset of anomalous resistivity caused by current-driven microinstabilities, but this interpretation is not convincing since it is based on incorrect resistivity measurements. Recently, Beeler [1979] repeated electric field measurements in a double inverse pinch and found, during impulsive flux transfer events, a space charge electric field opposing the inductive electric field and, hence, no sudden onset of anomalous resistivity. Baurn and Bratenahl [1980b] now postulate the existence of a double layer at the end of their device. In our experiment we find anomalous resistivity throughout the period of strong current flow. There are fluctuations but no disruptions of the induced current along the neutral line. The latter may be caused by the loss of plasma near the separator, which does not occur in our large discharge plasma. The physics of current disruptions is still poorly understood.
A general difference between reconnection events set up in the laboratory and in space plasmas lies in the cause-effect relation between fields and fluid motions. In most, but not all, laboratory experiments a time-varying magnetic field is applied, causing the plasma to move toward an X-type neutral point. In models describing the events in space [Vasyliunas, 1975] a plasma flow causes magnetic field lines to be carried into the diffusion region where both motions become uncoupled and reconnection takes place. Subsequently, the reconnected field lines exit through the convection region where fluid and field line motions are perfectly coupled, leaving at the Alfv6n speed. In these steady state theories, whose applicability to actual observations in space has often been questioned, an important problem is the reconnection rate. It is proportional to the energy conversion rate and can be expressed by the normalized inflow velocity of plasma at distances far from the null point M = v/ va. However, this definition applies only to steady state models, and different model-dependent definitions have also been given [Sonnerup, 1979; Baurn and Bratenahl, 1980a] . For a time-dependent reconnection process it seems more appropriate to describe the energy flow directly, as is done in this paper, rather than by an indirect rate coefficient.
Among the numerous observations of this experiment the following results appear to be the most important ones: (1) formation of a long flat neutral sheet stable against tearing for many Alfv6n times; (2) buildup of hot dense plasma regions near the edges of the neutral sheet; (3) slow evolution of the classical fluid flow across the separatrix; (4) anomalous scattering of ions in the early phase of the reconnection process; (5) an internal space charge electric field along the neutral line, nearly canceling the applied inductive electric field; (6) large electrostatic fields and nonnegligible currents in the plane normal to the neutral line; (7) anomalous resistivity properly calculated from the gener- 
